ABSTRACT: Both chemical and mechanical stimuli can dramatically influence cell behavior. By optimizing the signals cells experience, it may be possible to control the behavior of therapeutic cell populations. In this work, biomimetic geometries of adhesive ligands, which recapitulate the morphology of mature cells, are used to direct human mesenchymal stem cell (HMSC) differentiation toward a desired lineage. Specifically, adipocytes cultured in 2D are imaged and used to develop biomimetic virtual masks used in laser scanning lithography to form patterned fibronectin surfaces. The impact of adipocyte-derived pattern geometry on HMSC differentiation is compared to the behavior of HMSCs cultured on square and circle geometries, as well as adipocytederived patterns modified to include high stress regions. HMSCs on adipocyte mimetic geometries demonstrate greater adipogenesis than HMSCs on the other patterns. Greater than 45% of all HMSCs cultured on adipocyte mimetic patterns underwent adipogenesis as compared to approximately 19% of cells on modified adipocyte patterns with higher stress regions. These results are attributed to variations in cytoskeletal tension experienced by cells on the different protein micropatterns. The effects of geometry on adipogenesis are mitigated by the incorporation of a cytoskeletal protein inhibitor; exposure to this inhibitor leads to increased adipogenesis on all patterns examined.
INTRODUCTION
Adult mesenchymal stem cells (MSCs) are of great interest for regenerative medicine. These cells have been isolated from numerous tissues 1 and have the unique ability to self-renew and differentiate into cells of the mesoderm lineage including adipocytes and osteoblasts. 2 The therapeutic potential of MSCs is currently being investigated in numerous clinical trials for a wide variety of diseases. 3 They have shown promise in the treatment of conditions ranging from postinfarction left ventricular dysfunction 4−6 to osteogenesis imperfecta. 7, 8 Developing a better understanding of the factors that influence MSC differentiation will enable the design of superior stem cell therapies, including tissue engineering scaffolds that may be used to deliver exogenous stem cells or recruit endogenous cells.
9−11
Typical stem cell differentiation approaches can be divided into chemical, genetic, and biomechanical methods. 9 Chemical approaches to MSC differentiation have been the most commonly implemented and studied, in which hormone, growth factor, and extracellular matrix (ECM) composition is varied to specifically influence certain lineage-specific differentiation pathways.
2,12, 13 The differentiated cells that result following these in vitro chemical treatments do not display the same biochemical and biomechanical properties as mature cells found in vivo. 14 Therefore, it is unclear whether MSCs differentiated via chemical approaches in vitro possess the same regenerative capabilities as those MSCs residing in the body. As an alternative to chemical differentiation approaches, biomechanical approaches have recently gained significant interest. 5,15−19 By attempting to mimic the in vivo stem cell microenvironment, these approaches to MSC differentiation can be combined with the use of appropriate chemical cues to yield optimized MSC differentiation.
Intracellular and extracellular forces generated by the actomyosin contractile apparatus of the cell and transmitted via focal adhesions act on the cell, the ECM, and the surrounding cells, influencing intra-and extracellular signaling processes, including proliferation and differentiation. 20, 21 Special Issue: Interfaces for Mechanobiology and Mechanochemistry: From 2-D to Several studies have related the biomechanical and morphological properties of stem cells to their differentiation capabilities. 22, 23 Biomechanical approaches have been implemented to influence MSC behavior in many recent studies, including varying the mechanical properties of cell culture substrates 15, 17, 24, 25 and controlling cell size and shape. 5, 16, 18, 19 In the case of cell shape, aspect ratio and curvature of MSCs appear to have a significant impact on the differentiation of individual cells. 16, 26 Inhibition of key contractile proteins has mitigated or eliminated the influence of geometry on cell differentiation, suggesting that cytoskeletal tension is a key regulator of the effects of shape on MSC differentiation. 5, 16 Thus far, arbitrary geometries have been implemented to probe the role of shape in MSC differentiation. To realize the true potential of geometric control on MSC differentiation, it is important to consider whether a better-informed geometry can lead to superior MSC differentiation. We hypothesized that human MSCs (HMSCs) restricted to mimicking the overall cell shape of fully differentiated cells would preferentially undergo differentiation to these specific lineages. In this work, we have tested this hypothesis by examining the effects of biomimetic protein micropatterns on HMSCs. We recently developed a cell-derived patterning technique that allows for direct recapitulation of the shape, size, and cytoskeletal architecture of user-chosen cells of interest. In this technique, cells of interest cultured in 2D are fixed and stained via immunocytochemistry for important cytoskeletal components (e.g., focal adhesions, actin, and nuclei). Images of these cells are used to generate biomimetic virtual masks used in laser scanning lithography, yielding a large array of biomimetic protein patterns. 27 Building off of this biomimetic patterning approach, here we have developed adipocyte mimetic protein patterns and modified adipocyte patterns that were designed to induce regions of high intracellular tension. We have compared the behavior of HMSCs cultured on these patterns to the behavior of HMSCs on simple square and circle patterns of matched area. We found that HMSCs cultured on adipocyte mimetic patterns tend to more preferentially undergo adipogenesis as compared to those cultured on other patterns examined in the presence of mixed adipogenic and osteogenic soluble factors. To the best of our knowledge, this is the first study that examines the role of biomimetic, single-cell geometries on HMSC differentiation.
EXPERIMENTAL SECTION
2.1. Materials. Bone marrow-derived human mesenchymal stem cells (HMSCs), human subcutaneous preadipocytes (HPAd), human preadipocyte growth media, HMSC growth media, adipogenic media, and osteogenic media were obtained from Lonza (Walkersville, MD). Trypsin (0.05%)/ethylenediaminetetraacetic acid (0.53 mM EDTA) and phosphate buffered saline (10×) were purchased from Mediatech (Manassas, VA). Paraformaldehyde (16% aqueous solution) was obtained from Electron Microscopy Sciences (Hatfield, PA). Triton X-100, 5-bromo-4-chloro-3-indolyl phosphate (BCIP)/nitro blue tetrazolium (NBT) solution, human plasma fibronectin, mitomycin C, cytochalasin D, 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), sucrose (C 12 H 22 O 11 ), and mouse anti-vinculin antibody were purchased from Sigma-Aldrich (St. Louis, MO). Magnesium chloride (MgCl 2 ), sodium chloride (NaCl), and round borosilicate cover glass (35 mm HPAd were cultured in differentiation media for 31 days; F-actin, vinculin, and nuclei were fluorescently labeled and confocal microscopy and DIC images were collected (see section 2.4.1. Microscopy and section 2.4.2. Preadipocyte Characterization). After identifying the adipocyte of interest, an adipocyte mimetic virtual mask was developed for this cell geometry using NIH Fiji and similar MATLAB scripts to those that have been previously reported. 27, 28 The confocal image of the cell was processed in Fiji to create an image of the cell shape. To do this, we outlined the cell in Fiji and all surrounding cell debris and cells in the image were removed; a corresponding binary image was developed using the Auto Local Threshold function in Fiji. This binary image was provided as input into the MATLAB scripts, which subsequently divided the cell shape into adjacent quadrilaterals filling the entire cell area. The quadrilaterals were interpreted as regions of interest (ROIs) for laser irradiation by Zeiss AIM software. Other virtual masks studied in this work were developed similarly.
2.3.2. Protein Pattern Fabrication. Arrays of fibronectin micropatterns were fabricated using laser scanning lithography (LSL). 27, 29 Initially, 35 mm round cover glass were cleaned for 1 h in a 3:1 (v/v) mixture of H 2 SO 4 and H 2 O 2 (Piranha Solution), followed by repetitive rinsing in water, soaking in water for 18 h, and subsequent drying with nitrogen. An electron beam evaporator (Sharon Vacuum, Brockton, MA) was used to deposit 2 nm of Ti followed by 8 nm of Au with a deposition rate of 0.2−0.4 Å s −1 on the clean cover glass. These metalized surfaces were subsequently used to deposit OEG 6 selfassembled monolayers (SAMs). OEG 6 SAMs were deposited for 24 h by covering the thin metal substrates with a 4 mM solution of the OEG 6 -alkanethiol in ethanol. Following SAM deposition, the substrates were rinsed in ethanol and dried with nitrogen. LSL patterning was carried out in an inert nitrogen environment using a
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Zeiss 5LIVE laser scanning confocal microscope equipped with Zeiss AIM software. The "Edit Bleach" function in the Zeiss AIM software was utilized along with the virtual mask ROIs (see section 2.3.1. Developing Virtual Masks). DIC imaging of the substrate was used to identify areas of the substrate to pattern. A 532 nm laser was applied with a laser fluence of 7.2 nJ μm −2 (corresponding to a 1.28 μs pixel dwell time and 40× objective with numerical aperture of 1.3; calculated as previously reported 30 ) with 3 patterning iterations in order to desorb the OEG 6 -alkanethiol from the ROI defined regions to yield bare Au patterns. Arrays of 200 patterns were fabricated per sample. Following LSL, the sample was rinsed in ethanol, dried with nitrogen, and exposed to fibronectin, which was able to adsorb only in the patterned regions. Human plasma fibronectin (10 μg mL −1 in pH 7.4, 1× PBS) was applied to the patterned samples for 20 min, followed by a pH 7.4, 1× PBS rinse. These protein patterns were either visualized using DIC imaging or seeded with HMSCs. Nonpatterned Au surface controls were functionalized with fibronectin directly on the Ti−Au surface using the same procedure and treated similarly to patterned samples.
2.4. Pattern and Cell Characterization. 2.4.1. Microscopy. Confocal and DIC microscopy was performed with a Zeiss 5LIVE laser scanning confocal microscope with Zeiss AIM software and a 40× oil immersion objective (numerical aperture of 1.3). Nuclei (DAPI) were imaged with a 405 nm excitation and a band-pass (BP) 415−480 nm emission filter. Vinculin and RUNX2 (labeled with goat anti-mouse AF 488) were imaged with a 488 nm excitation and a BP 500−525 nm emission filter. PPARγ (labeled with goat anti-rabbit AF 532) was imaged with a 532 nm excitation and a BP 560−675 nm emission filter. F-actin (labeled with AF 633 phalloidin) was imaged with a 633 nm excitation and a long pass 650 nm emission filter. Phase contrast imaging was done on a Zeiss Axio Observer.A1m microscope.
Preadipocyte Characterization.
Following culture in differentiation media, HPAd were fixed with 4% paraformaldehyde and permeabilized using a cytoskeletal buffer (298.5 mM C 12 H 22 O 11 , 49.75 mM NaCl, 9.95 mM HEPES, 6.37 mM MgCl 2 with 0.5% triton X-100 in water, pH 6.8). 31 After blocking with 10% goat serum, the cells were incubated with a mouse anti-vinculin primary antibody at 4°C for 18− 24 h. Secondary antibody staining with goat anti-mouse AF 488 in 1% goat serum was performed at room temperature for 30 min, along with F-actin staining using AF 532 phalloidin (0.14 μM in 1% goat serum), followed by a 5 min DAPI counter stain (2 μM in 1× PBS). These cells were imaged via confocal microscopy and their lipid content was imaged using DIC microscopy.
2.4.3. HMSC Characterization. Characterization of HMSCs on patterned samples and nonpatterned controls was carried out after 7 days in culture. Cells were fixed with 4% paraformaldehyde. For immunocytochemistry, cells were permeabilized with 0.25% triton-X 100 and blocked with 10% goat serum. These cells were incubated with rabbit anti-PPARγ and mouse anti-RUNX2 primary antibodies in 1% goat serum at 4°C for 18−24 h. Secondary antibody staining with goat anti-rabbit AF 532 and goat anti-mouse AF 488 was carried out in 1% goat serum at room temperature for 30 min. AF 633 phalloidin (0.26 μM in 1% goat serum) was used to stain F-actin during the secondary antibody incubation for 1.5 h at room temperature. Nuclear counterstaining with DAPI (2 μM in 1× PBS) was carried out for 5 min at room temperature. Cells were imaged via confocal microscopy. DIC imaging of the cells was also performed.
Nuclear to cytoplasmic ratios of PPARγ and RUNX2 were evaluated to assess activity of these transcription factors. Fluorescence intensity was assumed to correlate with expression levels of each protein. NIH Fiji software was utilized to sum the transcription factor staining zslices taken for a given cell, yielding a separate 3D projection for either PPARγ or RUNX2. Corrected total cell fluorescence (CTCF) and a corrected nuclear fluorescence (CNF) were calculated using formulas 1 and 2 for each transcription factor by subtracting background staining. The nuclear to cytoplasmic ratio of the transcription factor was calculated using formulas 3−5. In these formulas, mean gray value (MGV) and area are obtained from NIH Fiji. MGV is the sum of the gray values (pixel intensity) of all the pixels in a selected area divided by the number of pixels. NIH Fiji was utilized to quantify the diameter of lipid droplets present in DIC images of HMSCs. The projections of the lipid droplets in all cells were found to be elliptical. When the droplet projections were not perfect circles, the area of an ellipse was used to calculate the diameter of a circle with equivalent area. This equivalent diameter was taken as the lipid droplet diameter. The maximum cell height for each cell was also evaluated in NIH Fiji by using the orthogonal views feature for each F-actin fluorescence z-slice and measuring the maximum cell height.
Histochemical staining of lipid droplets and alkaline phosphatase of fixed cells was also performed. Fixed cells were treated with 60% isopropyl alcohol for 5 min, followed by room temperature incubation with oil red O lipid stain (1.8 mg mL −1 in 60% isopropyl alcohol) for 20 min. After removing oil red O solution and rinsing with 1× PBS, the cells were incubated with BCIP/NBT solution at 37°C for 30 min to stain alkaline phosphatase. A DAPI counterstain was performed similar to immunocytochemistry. These cells were imaged with phase contrast microscopy.
2.5. Statistical Analysis. One-way analysis of variance (ANOVA) and posthoc analysis based on Tukey's honestly significant difference (HSD) criterion were performed in MATLAB R2013b (MathWorks, Natick, MA) via the built-in anova1 and multcompare functions. Data are reported as mean ± standard deviation. For patterned samples, analysis was only conducted on cells that were restricted to the protein 
ACS Applied Materials & Interfaces
Forum Article patterns. At least three repeats were performed for each experiment described. 32 and have recently demonstrated uses of LSL in direct surface patterning of adhesive peptides and proteins. 27, 30, 33 In contrast to traditional micropatterning techniques often employed in cell studies, such as microcontact printing, LSL does not require the use of a physical mask to generate micropatterns. Instead, LSL utilizes a virtual mask, a computerized representation of regions of interest (ROIs), that guides the movement of a laser and the laser shutter in order to expose only the ROIs to the laser used in patterning. 29 The geometry of the micropatterns examined in this work ranged from common geometric shapes to those that mimicked the shape of mature adipocytes cultured in vitro. To develop the virtual masks for these patterns, we first examined human subcutaneous preadipocytes seeded on fibronectin in both adipogenic differentiation media and preadipocyte growth media. These cells were stained with a common lipid stain, oil red O, as seen in Figure 1 . Oil red O staining was clearly visible in cells treated with differentiation media indicating the presence of mature adipocytes (Figure 1a) . The low seeding density employed enabled imaging of individual cells, allowing us to focus on the shape adopted by individual differentiated cells devoid of significant cell-to-cell contact. As expected, preadipocytes in growth media did not stain positive for lipid inclusions as seen in Figure 1b .
RESULTS AND DISCUSSION
Confocal and differential interference contrast (DIC) microscopy enabled the identification of a differentiated adipocyte of interest, and this image was then used to develop an adipocyte mimetic virtual mask. As with previous studies, 34 DIC imaging distinguished mature adipocytes from undifferentiated cells via clear visualization of intracellular lipid content. Confocal imaging of F-actin and vinculin, along with the cell nuclei, allowed further visualization of the cellular structure. The average area of the differentiated preadipocytes imaged was 3678 ± 1278 μm 2 with an average aspect ratio of 2.249 ± 0.789 and average circularity of 0.653 ± 0.165, where a circularity of 1 represents a perfect circle. An adipocyte representative of these average measurements was selected as the basis for the virtual mask in this study and is shown in Figure 1c . This cell area is significantly greater than the area of protein patterns that have been used in previous studies exploring the effects of geometric constraint on HMSC adipogenesis, which have typically been less than or equal to 2500 μm 2 . 5, 16 In general, smaller patterns have tended to favor adipogenesis; in fact, HMSCs confined to geometric patterns of 5000 μm 2 or greater have previously been shown to lead to significant or complete osteogenesis of the differentiated cells. 5, 16, 35 However, we hypothesized that properties of shape other than area may profoundly influence intracellular tension and thus, differentiation. Therefore, we chose to utilize a cell shape with a large area for our patterns.
The adipocyte mimetic virtual mask was developed using the cell shape of the adipocyte in Figure 1c , d. NIH Fiji software was used to prepare a binary image of the entire cell area as seen in Figure 2 . This binary image was then used as input for a MATLAB based segmentation algorithm; 27, 28 this algorithm segments the cell shape into adjacent horizontal quadrilateral regions to control laser scanning. In addition to the adipocyte mimetic pattern, we examined several other patterns in our study, as seen in Figure 2a . We developed a modified adipocyte virtual mask, based on the adipocyte mimetic mask, in which we added two projections (left projection with a high aspect ratio of 4.694; right projection with a moderate aspect ratio of 1.752) to the adipocyte mimetic mask, raising the overall aspect ratio of the mask to 2.193 and drastically reducing the overall circularity to 0.399. These modifications resemble lamellipodia and create regions of high tension, as has been demonstrated in studies examining traction forces generated in relationship to cell shape and aspect ratio. 36, 37 Square and circle virtual masks with similar areas to the adipocyte mimetic virtual mask were also developed. Figure 2b summarizes the areas of each of these four virtual masks.
3.2. Biomimetic Protein Patterning. Metalized surfaces were prepared for patterning by depositing a binding layer of titanium (2 nm Ti), followed by a thin layer of gold (8 nm Au) on clean cover glass via electron beam evaporation. An oligo(ethylene glycol) (OEG 6 )-terminated alkanethiol was deposited on these metalized surfaces, forming a self-assembled monolayer (SAM). The terminal oligo(ethylene glycol) renders the surface protein resistant, and therefore, resistant to cell adhesion. These OEG 6 -alkanethiol SAM surfaces were subsequently used in LSL patterning to produce protein micropattern arrays. In the LSL technique, local heating of the Au-coated surface leads to disruption of the semicovalent Ausulfur bond which destabilizes the SAM and leads to localized desorption of the OEG 6 -alkanethiol in the irradiated regions, leaving behind bare Au. 29, 30 When exposed to a protein, the protein will adsorb only to the laser-exposed, bare Au regions, with undetectable adsorption to the OEG-terminated regions. 
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In our work, human plasma fibronectin was adsorbed directly to the bare Au micropatterns after LSL patterning. Thin Au films have strong absorption in the 520 to 560 nm wavelength range. 38, 39 Therefore, we used a 532 nm laser focused through a 40× oil immersion objective on a laser scanning confocal microscope for LSL patterning. The scanning of the laser across the surface was dictated by the virtual masks we developed, shown in Figure 2 . We developed arrays of fibronectin patterns on the Au-coated glass surfaces, as shown in Figure 3 for each of these four geometries. Figure 3b shows a high-magnification image of the fibronectin functionalized patterns whose arrays are shown in Figure 3a . DIC microscopy was able to capture the contrast between the patterned and nonpatterned areas as seen in Figure 3 . As LSL is based on thermal desorption, the 
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Forum Article radiation of heat from the laser focal point inevitably leads to some pattern enlargement. This enlargement can be controlled by laser scanning conditions (e.g., number of scanning iterations) or properties of the metal surface (e.g., thickness). 30 Using a laser fluence of approximately 7.2 nJ μm −2 and 3 patterning iterations we obtained an acceptable average pattern enlargement of 2.8 ± 0.5%, 2.4 ± 0.2%, 3.1 ± 0.3%, and 2.5 ± 0.2% compared to the virtual mask for the adipocyte mimetic, modified adipocyte, square, and circle patterns, respectively.
After fabricating arrays of these fibronectin micropatterns, we seeded bone marrow-derived HMSCs on the patterned surfaces, which selectively adhered to the fibronectin patterns. The cells were cultured in a mixed differentiation media composed of a 1:1 (v/v) adipogenic:osteogenic media mixture for 7 days before fixing and staining. Representative 3D projections of the confocal microscopy z-slices of HMSCs that were fixed and stained for F-actin and nuclei on these patterns are shown in Figure 4 (1 cell per pattern) following 7 days of culture. HMSCs were entirely confined to the patterned region in the case of the adipocyte mimetic, square, and circle patterns. On the modified adipocyte patterns, cells ranged from being perfectly confined to the pattern to bridging the two lamellipodia-reminiscent projections. The proximity of the projections (especially the region closest to the base on the projections) appeared to enable this bridging. It is also likely that the nonpatterned region lying between the two projections had decreased OEG 6 -alkanethiol SAM fidelity due to heat radiation during the LSL process. Only cells that lacked bridging of the lamellipodia-reminiscent projections were used in subsequent cell differentiation analysis. HMSCs on the different pattern types appeared to take on different actin cytoskeletal morphologies. For example, there is prominent elongated actin staining in the HMSCs that have filled the exact shape of the modified adipocyte pattern as well as in the corners of the HMSCs on the square patterns. In contrast, HMSCs on the adipocyte mimetic and circle patterns exhibit actin staining that appears as concentric contours rather than elongated prominent actin fibers that are seen predominantly in the HMSCs on the modified adipocyte and square patterns.
3.3. Stem Cell Behavior on Patterned Surfaces. Prior to characterization of HMSC differentiation on the patterned surfaces, HMSCs were seeded on nonpatterned controls in order to assess their differentiation potential in mixed 1:1 (v/v) adipogenic:osteogenic differentiation media after 7 days in culture. These controls were fabricated with 2 nm of Ti followed by 8 nm Au on which fibronectin was directly adsorbed to provide a surface highly similar to that presented within the micropatterns. Cells on these control surfaces in adipogenic:osteogenic differentiation media demonstrated the ability to undergo adipogenesis (staining positively for lipids via oil red O staining) and osteogenesis (staining positively for alkaline phosphatase, an early marker of osteogenesis 2 ) as shown in Figure 5 . Approximately 10% of cells on these control surfaces stained positively for oil red O, 20% stained positively for alkaline phosphatase, and the remaining cells were not positive for either stain. Cells cultured in growth media on nonpatterned fibronectin controls did not stain positively for these markers of differentiation.
Adipogenesis and osteogenesis of HMSCs on the fibronectin micropatterns was quantified by assessing lipid content and alkaline phosphatase staining, respectively, following 7 days in mixed 1:1 (v/v) adipogenic:osteogenic differentiation media. As has previously been observed, alkanethiol-based micropatterns tend to lose stability following 1 week, restricting measurements to this time period. 16 Lipid droplets are ubiquitous in a large variety of mammalian cells, but lipid droplets greater than 1 μm in diameter are characteristic of adipocytes. 40 Therefore, we quantified the number of cells on patterns with lipid droplet diameters greater than 1 μm, equating this to HMSCs undergoing adipogenic differentiation. DIC z-slices were imaged through the entire cell height of each HMSC. It was found that individual cells on patterns had 
Forum Article similarly sized lipid droplet throughout the entire volume of the cell by examining each z-slice. Figure 6 shows the results of our analysis for z-slices taken at the base of the cell closest to the patterned surface (representative of the behavior of the entire cell), along with representative DIC images of HMSCs on the adipocyte mimetic (Figure 6b ) and modified adipocyte ( Figure  6c ) patterns. Alkaline phosphatase staining was not observed in any of the HMSCs cultured on the protein micropatterns. This was an interesting result as cells cultured in the presence of differentiation media and no patterns were shown to stain positively for both alkaline phosphatase and lipids (as seen in Figure 5 ). Figure 6 shows that approximately 46% of HMSCs displaying lipid droplets on adipocyte mimetic patterns displayed a maximum lipid droplet diameter of greater than 1 μm as compared to 19% of cells on modified adipocyte patterns with higher stress regions. Cells on square patterns had a similar response to that of cells on the modified adipocyte patterns, with approximately 17% of these cells displaying maximum lipid droplet diameters greater than 1 μm, while cells on circle patterns had a greater adipogenic response than cells on the modified adipocyte and square patterns, but less than the adipocyte mimetic patterns (approximately 33% displayed lipid droplets with diameters greater than 1 μm). Control cells cultured in growth media on fibronectin-coated substrates that displayed lipid droplets had a maximum lipid droplet diameter of 0.73 ± 0.16 μm (n = 32). The average area of these nonpatterned cells was 6270 ± 1894 μm 2 . Nonpatterned control cells with areas of less than 4,500 μm 2 (similar to the patterns explored in this work) had comparable maximum lipid droplet diameters of 0.77 ± 0.13 μm, suggesting that cell area alone had little impact on adipogenesis. HMSCs on adipocyte mimetic patterns displayed the maximum adipogenic response of the patterns examined. Previous studies have shown adipogenesis to occur preferentially on circle geometries while increasing aspect ratios have reduced adipogenesis and increased osteogenesis. 16 Our results, however, suggest that the adipocyte mimetic pattern we have examined, despite having an aspect ratio greater than our circle pattern (1.846 versus 1), may lead to improved adipogenesis.
We can attribute the differences in adipogenic differentiation to variations in the cytoskeletal tension experienced by HMSCs on the different patterns examined in this work, which can be related to the actin cytoskeletal structure. 20, 21 As seen in Figure  4 , the actin cytoskeleton of HMSCs on the various patterns varies considerably. The elongated fibers observed in HMSCs completely confined to the modified adipocyte pattern, suggest overall greater cytoskeletal tension than HMSCs on the adipocyte mimetic pattern. It has previously been shown that the adipogenic response of HMSCs cultured on protein micropatterns can be affected by the presence of actin inhibitors, including cytochalasin D. 5, 16 We found that exposing the cells to cytochalasin D increased adipogenesis (i.e., percentage of cells on patterns with maximum lipid droplet diameters greater than 1 μm) for cells cultured on both the adipocyte mimetic and the modified adipocyte pattern as compared to cells cultured without the inhibitor. The impact of the inhibitor appeared to be more significant for cells on the modified adipocyte pattern, where cytoskeletal tension should be enhanced, with the inhibitor treatment increasing adipogenesis by 72.5 ± 15.8% as compared to a 24.9 ± 7.6% increase in adipogenesis for HMSCs treated with cytochalasin D on the adipocyte mimetic pattern. In the presence of this actin inhibitor, we expect that the elongated actin fibers originating in the projections of the modified adipocyte patterns would not be able to form, lowering the cytoskeletal tension experienced by 
Forum Article cells on these patterns and increasing adipogenesis. 3D projections of the confocal microscopy z-slices of HMSCs that were treated with cytochalasin D on the adipocyte mimetic and modified adipocyte patterns confirm the lack of elongated F-actin fiber formation, as shown in Figure S1 .
Expression of the transcription factors PPARγ and RUNX2 was examined on HMSCs cultured on our fibronectin patterns in the presence of mixed adipogenic:osteogenic differentiation media and compared to cells cultured in growth media on nonpatterned fibronectin-coated controls. PPARγ is a key regulator of several adipogenesis associated cellular activities and is activated early in adipogenic differentiation, 41, 42 while RUNX2 activity is associated with osteogenesis and seen to increase early in osteogenic differentiation. 43 As a measure of activity, we quantified the nuclear to cytoplasmic intensity of these transcription factors following 7 days in culture as shown in Figure 7 .
PPARγ nuclear localization was found to be significantly greater in HMSCs cultured on any of the patterns explored in the mixed differentiation media compared to HMSCs cultured in growth media. There was no statistical difference in PPARγ nuclear localization for HMSCs restricted to the adipocyte mimetic, square, and circle patterns. However, cells cultured on the modified adipocyte patterns were found to have a significantly lower level of PPARγ nuclear localization compared to the other patterns examined. Transcription factors other than PPARγ, which are important in lipid droplet formation, may potentially be regulated by cytoskeletal tension and cause the differences in adipogenesis observed here on the various protein patterns explored. It is also possible that PPARγ nuclear localization levels may vary between pattern conditions at earlier times than the 7 days examined here. RUNX2 nuclear localization was found not to differ for cells cultured in growth media at 7 days compared to those cultured in mixed differentiation medium on any of the four patterns examined. 
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These results support the lack of alkaline phosphatase staining observed in the HMSCs cultured on the fibronectin patterns.
Finally, we compared the maximum cell height of HMSCs on patterns in adipogenic:osteogenic differentiation media following 7 days in culture to that of cells in growth media on nonpatterned fibronectin controls (Figure 8 ). Our results agree with previous work, which has shown that adipogenesis of adipose-derived stem cells is positively correlated with increasing cell height. 23 HMSCs in differentiation media on all patterns we examined were found to have greater cell heights compared to cells in growth media. HMSCs on the adipocyte mimetic and circle patterns had the greatest cell heights (with no statistical difference between the two groups), whereas cells on the modified adipocyte and square patterns had the lowest cell heights. In general, HMSCs on fibronectin patterns that promoted greater adipogenesis as quantified by lipid droplet diameter had larger maximum cell heights.
CONCLUSION
Our work suggests that HMSCs restricted to adopting the shape of a differentiated adipocyte may preferentially undergo adipogenesis. We used LSL to generate arrays of adipocyte mimetic, modified adipocyte, square, and circle fibronectin patterns. HMSCs were cultured on these patterns, and differentiation was evaluated by quantifying lipid droplet diameters, staining for alkaline phosphatase and lipids, and examining PPARγ and RUNX2 nuclear localization. Overall, cells on adipocyte mimetic fibronectin patterns showed a greater occurrence of large lipid droplets indicative of adipogenesis, compared with cells on the other patterns examined. We attributed our findings to variations in cytoskeletal tension experienced by cells on these different shapes. This study demonstrates that the use of biomimetic geometries can greatly enhance HMSC differentiation toward a desired lineage. Despite their tremendous promise, currently, only one Food and Drug Administration (FDA) approved stem cell product exists. 44 The results of this study have implications that could potentially help increase the number of FDA approved products, by leading to the design of improved HMSC culture techniques and therapies involving injection of HMSCs following in vitro culture, as well as the design of appropriate HMSC scaffolds.
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